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Abgract
Soil compaction limits root penetration below the plowing depth, reduces yields and makes plants more susceptible to drought stress. Applying
uniform-depth tillage over the entire field to manage the soil compaction may be either too shallow or too deep and it can be costly. Variable-depth
or site-specific tillage technology optimizes soil physical properties only where the tillage is needed by applying tillage at the required depth.
Therefore, thereisaneed for atechnology to determinethetillage depth based on soil mechanical strength at different depths of soil. Since soil cone
penetrometers require a stop-and-go operation that can be time-consuming and costly, on-the-go measurement methods of soil mechanical strength
have been investigated by some researchers. A measuring system with multiple instrumented shanks was designed and built to measure mechanical
impedance of soil at different depths over the entire top 40 cm of the soil profile while moving through the soil. This system allows shanks for the
simultaneous measurement of soil mechanical resistance at four depths, while moving through thefield. The design allowed 10 cm of measurement
depth per instrumented shank. Each instrumented shank consisted of an extended octagonal load cells. Each shank was calibrated in the lab by
applying known forces and measuring output voltages. DT800 datalogger (data Taker Co., UK) was used for data collection. Soil strength datawas
collected at 150 Hz. Theinstrumented measurement system was calibrated against cone penetrometer readings at same depth intervalsby collecting
intensive geo-referenced penetrometer datafrom apredetermined path and then running i nstrumented system with multiple shanksin the same path.
The penetrometer data was averaged over 10 cm intervals and compared to the average force measurements from each instrumented shank of
measurement system. There was a correlation with R?= 0.77 (the least correlation coefficient) at 0-10 cm depth and R?= 0.83 (the most correlation

coefficient) at 30-40 cm depth between soil cone penetrometer data and instrumented measurement system values.
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Introduction

Soil compactionisasignificant problem in many soilsof theworld.
In the most of these regions, hardpan restricts the root growth
into deeper soil layersthat arerich in terms of soil moisture and
nutrients. Thislayer of soil usually hashigh penetration resistance
and must be broken to penetrate roots into the subsoil. There
have been anumber of studies concentrated on finding thelimiting
soil strength values that prevent the root penetration and the
plant growth 1 1+4 Consequently some of these researches
focused on measurement of the strength of soil layers and its
variation into the soil 51318,

Sail strength can be defined as the resistance of the soil to
withstand the external forceswithout failure. Soil strength plays
animportant rolein plant root growth. If the strength of the soil is
too low, plants are unable to withstand the forces and because of
the weak structure they cannot be anchored by the soil.

M easurement of soil strength hastraditionally been conducted
with the soil cone penetrometer. Upadhyaya et al. " indicated
three types of penetrometers: a pointed device of a given mass
that isallowed to fall aspecific distance, apointed devicethat is
subjected to blows of aweight of given massand apointed device
that is pushed into the soil (cone penetrometer). In agricultural
operations, most frequently used type isthe third type. Raper et
al. 8 developed a multiple-probe soil cone for the purpose of
measuring cone index values throughout the entire soil profile

from trafficked middle acrossacrop row to untrafficked middle'.
This machine has been successfully used in numerous studies.
Multiple probe cone penetrometer mounted on the back of atractor
to automate the testing process and to allow for the averaging of
five simultaneous measurements. Since soil cone penetrometers
require astop-and-go operation, some peopl e studied on different
methodsthat could be used on-the-go. Continuous measurement
systems such as soil ectrical conductivity appear to bepromising
alternative technologies 2. Adamchuk et al.? developed a
prototype vertical blade type soil resistance measurement system
for mapping the spatial and vertical variation of soil mechanical
resistance2. Manor and Clark devel oped an instrumented subsoiler
shank for measuring soil resistance on-the-go to control the depth
of the subsoiler shanks mounted on the sameframe*. They placed
three strain gauges on the subsoiler shank to measure the
horizontal and vertical forces. Siefken et al. devel oped and tested
asystem for mapping soil mechanical resistance at three depths®.
On-the-go instrumented systems referenced above have some
limitation to use, such as, not precise measurement, measurement
at single depth, soil disturbance, very hard to fabricate and/or
potentially high manufacturing cost * 1522, Therefore, asensing
system for on-the-go measurement of soil mechanical resistance
at different soil depthswithout the main limitation mentioned above
isneeded.
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Developing on-line variable-depth or site-specific tillage
technology isthe other abjective of development of areliableon-
the-go measurement of soil mechanical resistance. Variable-depth
or site-specific tillage technol ogy optimizes soil physical properties
only wherethetillageisneeded by applying tillage at the required
depth *. Therefore, thereis aneed for atechnology to determine
the tillage depth based on soil mechanical strength at different
depths of soil. The objectives of thisresearch wereto design and
develop an instrumented multiple shanks able to measure
continuously soil strength at different soil depths and also
evaluating of this system at laboratory and field.

Materialsand M ethods

System developing: A measuring system with multiple
instrumented shanks, shown in Fig. 1, was designed and built to
measure mechanical impedance of soil at different depths over
the entire top 40 cm of the soil profile while moving through the
soil. The system consisted of four instrumented shanks which
measure soil mechanical resistanceat 0-10, 10-20, 20-30 and 30-40
cm of soil depths.

Soil mechanical resistance acts pressuresto each sensing units,
mounted on instrumented shanks, therefore extended octagonal
load cell inside the sensing unit deforms and measures soil
mechanical resistance at specified depth (Fig. 2). Load cells
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Figure 1. Soil mechanical resistance measuring system with multiple
instrumented shanks.
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Loadcell

Figure 2. Schematics of instrumented shank and sensing unit.
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designed for the maximum soil strength of 8 MPawhich obtained
by examination of CI profile around Ardabil province and also
based on other on-the-go measuring systems design basis ©°.
Four strain gages attached to each octagonal load cell and were
wired to a constant current Wheatstone bridge.

The designed formulae of the extended octagonal transducers
were originally based on analytical equations derived by
Mclaughlin et al. 8 1 reported by Chen et al.® for extended
octagonal ring 8. The sign convention employed in equations
(1) and (2) is positive horizontal load, P, compresses the ring;
positivevertical load, Pyisupward; positivemoment, M, is counter
clockwise, and positive ring bending moment, M_tends to open
or increase the radius of curvature of the rings. It should be
mentioned in the instrumented system for measuring soil
mechanical resistance Pyand M,are equal zero.
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wherer isthering radius (measured to thering neutral axis), t the
ring thickness, b =25 mmtheringwidth, 2L = 21.86 mmthedistance
between ring centers, ¢ isthe angle measured from the x-axiswith
positive angles being counter clockwise (Fig. 3a:b).

DT-800 data logger (data Taker Co., UK) with CANgate GPS
support was used for data collection. The datalogger isequipped
with 12-42 analog inputs and 16 digital channels. Soil strength
datawas collected at 150 Hz. Sensing resol ution were selected 0.1
MPato provide an acceptable signal to noiseratio.
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Figure 3. (a) Extended octagonal ring dimensions; (b) the face of
octagonal ring showing coordinates and angles.
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System calibration: Each sensing unit of instrumented
shank in measuring system was calibrated in the lab by
applying known forces and measuring output voltages.
The calibration equation extracted indicates P, in terms
of output voltage. Then P, is divided to cutting edge
areato obtain soil strength at specified depth.

Fieldtest: Field experimentswere established at Faculty
of Agriculture Research Farm, Ardabil, Iran (Latitude
38°21'N, Longitude 48°15’E) on sandy loamfield. The
instrumented shank was calibrated against hand pushed
soil cone penetrometer readings at samedepth intervals
by collecting intensive georeferenced penetrometer data
from apredetermined path and then running instrumented
system with multiple shanks in the same path. The
penetrometer data was averaged over 10 cm intervals
and compared to the average force measurements from
each shank of instrumented system.

Experiments consisted of six treatmentsarranged in randomized
complete blockswith threereplications. Thetreatmentsincluded
two soil conditions (tilled or non-tilled), and two levels (9.8 and
13.5%) of soil moisture contents (% d.b.).

Soil Strength (MPa)

Resultsand Discussion

Horizontal soil strength data obtained from all plots with
instrumented measuring system over the entire top 40 cm of soil
profilein each 10 cm soil depth. Fig. 4 shows an example of soil
strength datameasured on non-tilled plot at 0-10, 10-20, 20-30 and
30-40 cm of soil depths. The test field was planted in potato the
previous year. The horizontal soil strength was calculated by
dividing thetotal horizontal forcefrom each 10 cm sensing unit by
theareaof the cutting wedge (25 cn?).

Inthe most of experiment plots, soil strength dataincreased by
anincrease (10 cm) in soil depth. Coneindex values al so showed
the same changes in the mentioned plots. As expected the soil
strength values were significantly higher from the non-tilled
compared to tilled plots. Also there was a strong positive
correlation between horizontal soil strength valuesmeasured with
the instrumented soil mechanical resistance measuring system
and the hand pushed soil cone penetrometer data (Table 1). The
measuring system achieved significantly lower measurement
variance than a hand pushed soil cone penetrometer.

Increasing in soil moisture content resulted a decrease in
horizontal soil mechanical strength. The same effects have been
observed in soil coneindex measurementsin al plots. Statistical
analysisof horizontal soil mechanical strength dataand soil cone
index values by using Proc ANOVA in SAS software clearly
showed soil moisture content affected both horizontal soil
mechanical strength and soil coneindex in every soil conditions
(P<0.0D)™.

Table 1. Correlation coefficients (%) between penetrometer data
and the instrumented system with multiple shanks.

Penetrometer Shank Shank Shank Shank
0-10 cm 10-20 cm 20-30 cm 30-40 cm
0-10 cm 0.77 - - -
10-20 cm - 0.78 - -
20-30 cm - - 0.82 -
30-40 cm - - - 0.83
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Figure 4. Horizontal soil strength data obtained from the measuring system
on non-tilled plot.

Conclusions

TheHorizontal Soil Mechanical Resistance Measurement System
was devel oped and tested in both laboratory and field conditions.
Field tests showed that the soil mechani cal measuring system can
be used to determine soil mechanical resistance at different depths
of soil profile. The measurement system achieved significantly
lower measurement variance than a hand pushed soil cone
penetrometer. Therewasacorrelation with R2=0.77 and R?=0.83
between soil cone penetrometer values and the horizontal soil
mechanical resistance measurement system dataat 0-10 and 30-40
cm soil depths respectively. Increasing in soil moisture content
resulted in adecreasein horizontal soil mechanical strength values
aswell assoil coneindex data.
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